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Murine models of familial adenomatous polyposis harbor a germinal heterozygous mutation on Apc tumor
suppressor gene. They are valuable tools for studying intestinal carcinogenesis, as most human sporadic
cancers contain inactivating mutations of APC. However, Apcþ /� mice, such as the well-characterized ApcMin/þ

model, develop cancers principally in the small intestine, while humans develop mainly colorectal cancers. We
used a Cre-loxP strategy to achieve a new model of germline Apc invalidation in which exon 14 is deleted. We
compared the phenotype of these ApcD14/þ mice to that of the classical ApcMin/þ . The main phenotypic
difference is the shift of the tumors in the distal colon and rectum, often associated with a rectal prolapse. Thus,
the severity of the colorectal phenotype is partly due to the particular mutation D14, but also to environmental
parameters, as mice raised in conventional conditions developed more colon cancers than those raised in
pathogen-free conditions. All lesions, including early lesions, revealed Apc LOH and loss of Apc gene
expression. They accumulated b-catenin, overexpressed the b-catenin target genes cyclin D1 and c-Myc, and
the distribution pattern of glutamine synthetase, a b-catenin target gene recently identified in the liver, was
mosaic in intestinal adenomas. The ApcD14/þ model is thus a useful new tool for studies on the molecular
mechanisms of colorectal tumorigenesis.
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Familial adenomatous polyposis (FAP) is an auto-
somal dominant disease in which many adenoma-
tous polyps develop in the colon, and occasionally
in the proximal gut, progressing to colorectal
carcinoma. Genetic linkage studies have shown that
inactivation of the adenomatous polyposis coli
(APC) gene, located on chromosome 5q21, is
responsible for the abnormalities in FAP.1,2 There-
fore, inactivating APC is considered to initiate the
multistep progression of colorectal cancer.3 Knowl-
edge of how APC acts as a tumor suppressor gene
was considerably advanced by the demonstration
that APC contributes to the degradation of cytosolic
b-catenin, linking APC to the Wnt/b-catenin path-

way as a negative regulator.4–7 Consequently, the
inactivation of APC leads to a constitutive accumu-
lation of b-catenin that triggers an aberrant activa-
tion of the Wnt pathway. C-Myc and Cyclin D1
(CCND1) were the first major b-catenin target genes
identified.8,9 The list of target genes is still growing,
and some of them may be implicated in the
initiation and progression of intestinal cancer
(www.stanford.edu/~rnusse/wntwindow.html).

The first murine model of FAP carrying an Apc
mutation was the multiple adenomas neoplasia
(Min) model. These mice, ApcMin/þ , are heterozy-
gous for a germline Leu-Stop mutation in codon
850 of Apc.10 They produce a truncated Apc protein
that lacks the Apc domain responsible for b-catenin
degradation. Like FAP patients, ApcMin/þ mice on
the C57BL/6 (B6) background develop numerous
adenomatous polyps. All the tumors have lost the
Apc wild-type allele. But, in contrast to FAP
patients that develop multiple adenomas in the
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colon, most ApcMin/þ adenomas are found in the
small intestine. The other mouse Apc models
carrying different Apc germline mutation also result
in a high incidence of adenomas in the small
intestine.11–13 The reason why the phenotypes of
mice and men differ is presently unknown.

During the establishment of a conditional Apc
knockout mouse using the Cre-loxP strategy, we
developed a new germline Apcþ /� model in which
Apc exon 14 was deleted. Deletion of exon 14
generated a frameshift mutation at AA580 that
disrupted the Apc gene. In this study, we character-
ized these ApcD14/þ mice and compared the intest-
inal phenotype to the classical ApcMin/þ . This report
describes how these ApcD14/þ mice faithfully mi-
mick human FAP disease by the severity of their
colon tumorigenesis.

Materials and methods

Generation of Apc3lox14/þ ES Cells

A 14.5-kb Apc genomic clone encompassing exons
11–15 was isolated from a mouse 129/Ola genomic
library. For construction of the Apc targeting vector,
a 8.5-kb BamHI–XmnI fragment was subcloned in a
modified pBR322 vector containing a NaeI–KpnI
polylinker from pBluescript KS II (Stratagene). To
generate the Apc3lox14/þ ES cells, a 2.9-kb BamHI
fragment containing a floxed PGKHprt mini-gene
was inserted into the BamHI site 0.4 kb downstream
of exon 14. A third loxP site was introduced into the
EcoRV site 0.5-kb upstream of exon 14. The
Apc3lox14/þ targeting fragment was electroporated
into ES cells of the hypoxanthine/guanine phos-
phoribosyltransferase (Hprt)-deficient, 129/Ola-de-
rived, HM-1 cell line and HAT-resistant cells were
selected for 7 days as described.14 By Southern blot
analysis of ES cell clones, using probes A and B and
EcoRI-digested DNA, we identified 19 homologous
recombinants out of 80 HATR clones.

Generation and Genotyping of Apc3lox14/þ Mutant Mice

Germline chimera mice were generated by injection
of 12–15 Apc3lox14/þ mutant ES cells into C57BL/6
blastocysts and crossed with C57BL/6 mice to
produce outbred heterozygous offspring. Apc3lox14/þ

male mice (Figure 1a) were then crossed with
transgenic MeuCre40 female mice (C57BL/6 back-
ground), as previously described.15 The resulting
ApcD14/þ pups (Figure 1a), carrying the deletion of
both exon 14 and the hprt cassette, were then mated
with C57BL/6 mice and analyzed at N6 backcross.
The genotypes of all offspring were analyzed by PCR
or Southern blot analysis on tail-tip DNA. The
ApcD14 allele was detected with primers Apc.Int13S:
50-CTAGTACTTTTCAGACGTCATG-30 and Apc.In-
t14a: 50-CAATATAATGAGCTCTGGGCC-30 yielding
a 240-bp (ApcD14 allele) product.

Mice

All animal procedures reported in this paper were
carried out in accordance with French government
regulations (services vétérinaires de la Santé et de la
Production Animale, Ministère de l’Agriculture).
Mice were commonly housed in conventional
conditions, and the mice housed under specific
pathogen-free conditions were kept in the animal
units of CDTA, Orléans, France. All mice had free
access to standard diet (UAR, France) and water.

Adenoma Scoring and Histopathological Analysis

Mice were killed by cervical dislocation, and the
number of polyps determined. The whole intestinal
tract of each mouse was removed, rinsed gently in
PBS using a syringe and opened lengthwise. The
opened intestine was spread flat on wax using
entomological pins, and fixed in 4% formaldehyde.
All polyps were counted under a dissecting micro-
scope at � 15 magnification, always by the same
investigator. The smallest adenomatous polyps
identified were about 0.5 mm in diameter. The
whole intestine was then rolled and embedded in
paraffin for histological and immunocytochemical
analysis, and laser microdissection. We followed
recently published recommendations for histo-
logical typing of the tumors.16

Immunohistochemistry

Sections (5 mm) were cut of the paraffin-embedded
‘swiss rolls’ and those sections were treated with 3%
hydrogen peroxide and an avidin/biotin blocking kit
(Vector laboratories). The antigens were retrieved by
treating sections (except those for APC immuno-
staining) with citrate buffer pH¼ 6 in a microwave
pressure cooker. The monoclonal primary antibo-
dies used were directed against human b-catenin
(1/500, clone 14, BD Transduction Laboratories),
mouse glutamine synthetase (1/200, BD Transduc-
tion Laboratories), mouse cyclin D1 (1/50, Dako) and
mouse c-Myc (1/50, N262, TEBU). The sections
incubated with the mouse monoclonal primary
antibody, were treated with the M.O.Mt kit (Vector
Laboratories) and visualized with DAB substrate.
Rabbit polyclonal antibodies were directed against
mouse Ki67 (1/400, Novocastra) and against human
C-terminal part of APC (1/250, C20, Santa Cruz
Biotechnologies). Sections incubated with anti-APC
antibody were then incubated with biotinylated
anti-rabbit secondary antibody (1/300, Vector La-
boratories), followed by catalyzed signal amplifica-
tion using the Dako CSA kit. The Ki-67-stained
sections were incubated with anti-rabbit secondary
antibody (1/100, Vector Laboratories), followed
by peroxidase-anti-peroxidase (PAP, 1/100, Dako)
treatment and visualization with DAB as
substrate.
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Figure 1 Generation of the ApcD14 allele and analysis of Apc inactivation in intestinal polyps. (a) Targeting strategy: restriction maps of
the Apcþ allele (30 portion), the Apc3lox14 targeting fragment, and the ApcD14 allele after homologous recombination and Cre-mediated
recombination. Exons 11–15 are indicated (black boxes), as are the restriction sites used for cloning and screening (B: BamHI, E: EcoRI,
EV: EcoRV, X: XbaI). The Apc3lox14 targeting fragment comprises the floxed PGKHprt selection cassette, that was inserted into the BamHI
site downstream of Apc exon 14, plus a third loxP site that was introduced into the EcoRI site upstream of exon 14. All loxP sites are
indicated by arrows. In the first step of the strategy, the Apc locus was targeted with the Apc3lox14 targeting fragment. In the second step,
the PGKHprt selection cassette was removed by Cre recombinase that recombined the three loxP sites. The double-headed arrows
indicate the DNA fragments resulting from digestions with different enzymes expected to hybridize with probes Pr A, Pr B or Pr C. Also
depicted are the combinations of PCR primers that detect the ApcD14 allele. (b–d) Inactivation of the wild-type Apc allele in intestinal
polyps. (b) LOH analysis: Southern blots of XbaI-digested colon DNAs, extracted from epithelium samples scraped from wild-type (WT)
and ApcD14/þ mice (D14/þ , lane N), and from colon polyps (P1, P2), were hybridized with probe A (Pr A); first lane: DNA molecular
weight ladder; the bands corresponding to the wild-type (WT) and the targeted (D14) alleles, are indicated with arrows. (c) Allele-specific
RT-PCR analysis of the colon of wild-type mouse (WT), and normal epithelium (N) and polyps (P1, P2) from a ApcD14/þ mouse; first lane:
DNA molecular weight ladder. (d) Sequence of the amplified targeted allele, showing the deletion of exon 14.
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DNA Extraction and LOH Analysis

DNA was extracted from macroscopic polyps and
corresponding healthy tissue, and analyzed by
Southern blotting after digestion with XbaI and
hybridization with probe A surrounding the 11th
exon of Apc. Early lesions were removed by
microdissection with the mCUT Laser Microdissec-
tion apparatus (Nikon, France) from 8-mm thick
sections of paraffin-embedded ‘swiss-rolls.’ Geno-
mic DNA was extracted from about 100 cells from
these lesions or adjacent epithelium in a 50-ml
reaction (QiaAMP DNA minikit, Qiagen, France).
PCR (40 cycles) was performed using 10 ml of the
DNA preparation and primers that distinguished the
wild-type allele of Apc from the exon 14-excised
allele of Apc (primer 1¼ 50-CTGTTCTGCAGTATGT
TATCA; primer 2¼ 50-CTATGAGTCAACACAGGAT
TA; primer 3¼ 50-TATAAGGGCTAACAGTCAATA).

RNA Extraction and Analyses

Total RNAs were extracted from frozen polyps or
scraped epithelium by the guanidium thiocyanate
single-step procedure.

Northern-blot analyses were performed with 15 mg
of total RNAs. Samples were electrophoresed
through 1% agarose–6% formaldehyde gel. RNAs
were transferred to Hybond Nþ membranes and
hybridized with the corresponding 32P-labeled
probes. The amounts of RNAs were confirmed to
be equivalent by 18S rRNA hybridisation.

Allele-specific RT-PCR analysis used reverse
transcription by standard protocols (Invitrogen).
RT-PCRs for Apc transcripts were done with Ex13F
and Ex15R oligonucleotides (Figure 1d), 35 cycles of
amplification with a hybridization temperature of
561C.

Results

ApcD14/þ Mice Develop a More Severe Phenotype than
ApcMin/þ Mice

A cohort of ApcD14/þ and ApcMin/þ mice raised in
conventional housing was observed, and the survi-

val analyzed over a period of 12 months. ApcD14/þ

mice began to die at 4 months, with evident signs of
rectal bleeding and anemia, and 50% of the mice
were dead at 6 months. In contrast, ApcMin/þ mice,
bred for two crosses with C57BL/6 mice, showed a
better survival. ApcMin/þ mice began to die later, at 7
months old (Figure 2). Interestingly, rectal prolapses
developed as early as 4 months in ApcD14/þ mice,
involving 61% of the animals surviving to 6 months
old (Figure2 and Table 1), while this concerned only
28% of ApcMin/þ mice at 7 months old. Hence,
ApcD14/þ mice have a more severe phenotype than
ApcMin/þ mice.

We first counted polyps to determine whether
altered survival and rectal prolapses were linked to
more severe polyposis (Table 1). Conventionally
housed mice showed no statistically significant
difference in the total polyp counts of ApcD14/þ

and ApcMin/þ mice. However, 24% of ApcD14/þ mice
developed fewer than 10 polyps in the small
intestine, while ApcMin/þ mice did not (Figure 3a).
This phenomenon was reversed in the colon. All
ApcD14/þ mice developed polyps in the distal colon,
while 20% of the ApcMin/þ mice did not; 25% of
ApcD14/þ mice developed more than 10 polyps,
whereas no ApcMin/þ mice did (Figure 3b). When
the polyposis in the colon was severe (more than 10

Figure 2 Time course of death and rectal prolapse in ApcD14/þ

and ApcMin/þ mice. Survival curves are in full (ApcD14/þ ) or
dashed (ApcMin/þ ) lines. The percentages of living animals with a
prolapsed rectum are shown as dark gray (ApcD14/þ ) and light
gray (ApcMin/þ ) bars. Cohort numbers: ApcD14/þ , n¼ 83; ApcMin/þ ,
n¼ 18, ApcMin/þ mice were limited to a 10-month follow-up.

Table 1 Tumorigenesis in ApcD14/+ mice

Housing conditions Conventional housing SPF

APC+/� line Min D14 D14

Extraintestinal phenotype Mammary gland tumorsa 12% 9% 8%
Intestinal phenotype Number of polypsb 34718 36729* 65723*

Rectal prolapsea 28% 61% 15%

a
Macroscopical observations made on living animals: n¼ 18 for ApcMin/+ mice, n¼ 83 and 23 for conventional housing and SPF ApcD14/+ mice,

respectively.
b
Mice were killed at the mean age of apparition of intestinal bleeding and anemia: about 180 days for the ApcMin/+ mice (n¼ 6), 150 days for the

ApcD14/+ mice in conventional housing (n¼19), 120 days for the SPF ApcD14/+ mice (n¼ 8).
*Po0.05 by Student’s t-test.
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polyps per mouse), it was always associated with
a rectal prolapse (Figure 3c), showing that the
rectal prolapse is associated with the severity of
the colorectal carcinogenesis. Altogether these
results showed that compared to the ApcMin/þ mice,
ApcD14/þ mice revealed a shift in the distribution in
the tumors that are more frequent in the distal colon
and rectum in the latter.

The ApcD14/þ mice, like ApcMin/þ mice, developed
extraintestinal lesions such as mammary gland
tumors (Table 1). Histological analysis of four of
them (two ApcD14/þ mice and two ApcMin/þ mice)
showed that these tumors were mammary adenoa-
canthomas (data not shown), in agreement with a
previous report.13 Furthermore, homozygosity for
the ApcD14 mutation was not compatible with adult
life. ApcD14/þ males were mated with ApcD14/þ

females and the DNA from 46 newborn pups was
examined for Apc status: 63% were heterozygous
while 37% were wild-type, and no pups had the
ApcD14/D14 genotype. Thus, homozygous deletion of
exon 14 of Apc is embryonically lethal, as it is in
other Apc KO mouse models.

Histologic Analysis of Intestinal Polyps

The ‘swiss-rolls’ enabled us to analyze the whole
intestine. b-Catenin immunostaining was used to
reveal all the dysplastic figures. A dark-brown
staining marks the accumulation of the protein in
the cytoplasm and the nucleus, and that is the
hallmark of the activation of Wnt signalling in
intestinal tumors.4,5 Intestinal lesions developed in
the ApcD14/þ mice were distributed all along the
intestine (Figure 4a). The histology of the lesions
was compared in ApcD14/þ and in ApcMin/þ mice
and standard optic microscopy did not reveal any
qualitative changes. Hematoxylin- and eosin (H&E)-
stained sections revealed small and large adenomas,
in situ carcinomas, that had developed in both the
small and the large intestines (Figure 4a, d and f).
Tubular adenomas harboring invasive carcinomas
were only present in animals over 12 months old,
represented 50% of their lesions (Figure 4e) and
invaded the muscularis propria. No hepatic metas-
tasis were seen in the four 12-month-old mice
examined. Finally, early lesions were frequent in
the small intestine of both ApcD14/þ and ApcMin/þ

mice (Figure 4b), and ACF (aberrant crypt foci) were
seen in the colon (Figure 4c).

Analysis of a longitudinal section of a prolapsed
distal colon showed that the colon was filled with
obstructing polyps (Figure 4f). The prolapses them-
selves were highly dysplastic with a distortion of the
glands, the external part of the epithelium being
ulcerated (Figure 4f). Adenocarcinoma invasive into
the muscularis propria was seen in 10% of the
dysplastic areas (Figure 4g). As rectal prolapses are
often described in mouse models of inflammatory
bowel disease (IBD),17,18 we asked whether inflam-
mation did occur in ApcD14/þ prolapses. Indeed,
inflammatory cells were present in the stromal
component of both the dysplastic areas in the rectal
prolapse, and every polyp (Figure 4d), but were
strictly restricted to these regions. Globally, these
anomalies did not affect the whole distal colon (data
not shown), and therefore did not represent a full
convincing pattern of IBD, such as that graded in
IL-10-/- studies:19 particularly, no crypt abcess and
no transmural inflammatory infiltrate could be
observed.

Thus, ApcD14/þ mice bore a number of histological
lesions from early lesions involving only one crypt
to invasive carcinomas. The presence of numerous
colonic carcinomas, probably associated with colon
obstruction, could be the cause of the increased
lethality of ApcD14/þ model.

Figure 3 Numbers of polyps in ApcD14/þ vs ApcMin/þ mice. The
distributions are expressed as the percentages of mice (black bars
for ApcD14/þ (D14); gray bars for ApcMin/þ (Min)) having 0, 1–10
polyps (1–10), 11–30 polyps (11–30), 31–50 polyps (31–50), 51–90
polyps (51–90) or more than 90 polyps (490), in (a) the small
intestine, (b) the colon. (c) percentage of mice having a pro-
lapsed rectum in each polyp number category. Cohort numbers:
ApcD14/þ , n¼22, killed at 140–160 days old; ApcMin/þ , n¼11,
killed at 170–200 days old.
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Influence of the Housing Conditions on the
Development of the Intestinal Phenotype

We wondered whether the severity of colorectal
polyposis in ApcD14/þ mice was linked to housing

conditions. Fewer ApcD14/þ mice raised under
specific pathogen-free (SPF) conditions developed
a rectal prolapse than did those raised in conven-
tional conditions (Table 1). However, the polyp
counts showed a statistically significant increased

Figure 4 Histology of the dysplastic lesions in ApcD14/þ mice. (a) b-Catenin immunostaining of a whole intestine swiss-roll from a 5-
month-old ApcD14/þ mouse. The small intestine is located on the external part of the swiss-roll, while the colon is in the center. The dark-
brown staining indicates the accumulation of b-catenin in all dysplastic lesions. More than 90 lesions were present in the small intestine,
and there were three lesions in the colon. Hematoxylin–eosin staining (b–g) of swiss-rolls of a 5-month-old mouse (b–d) and a 13-month-
old mouse (e). (b) Early dysplastic lesion of the small intestine consisting of a single dysplastic crypt within a normal villus; this
dysplastic crypt is filled with necrotic material. (c) Aberrant crypt foci in the colon. (d) Tubular adenoma of the small intestine, in low-
grade dysplasia: some inflammatory cells can be seen in the chorion (inset). (e) Well-differentiated adenocarcinoma in the small
intestine: the inset shows the invasion of malignant glands into the submucosa. (f) Longitudinal section of the last 3 cm of the distal colon
(DC) and the adjacent extruded rectal prolapse (RP) of a 5-month-old mouse: the distal colon is filled with feces (asterisks) and seven
colon in situ carcinomas (arrows); the surface epithelium of the rectal prolapse is highly dysplastic and ulcerated (inset) and a polyp is
extruded (arrow). (g) Enlargement of the rectal prolapse revealing an invasive carcinoma with desmoplasia and some inflammatory cells,
irregular glands and loss of mucosal lining in invading glands (inset); the muscularis mucosa is pointed by an arrow.

Colorectal cancers in ApcD14/þ mice
S Colnot et al

1624

Laboratory Investigation (2004) 84, 1619–1630



polyposis under SPF conditions (Table 1). The
distributions of the polyps under the two housing
conditions were completely different: 70% of the
SPF-housed ApcD14/þ mice (analyzed at 120 days
old) developed more than 50 polyps (Figure 5a,
compared to 14% in conventional conditions), with
90% of them in the ileum, while conventional-
housed ApcD14/þ mice (analyzed at 150 days old)
had polyps scattered along the whole small intes-
tine; 29% of the SPF ApcD14/þ mice did not develop
any polyps in the colon (Figure 5b), associated with
fewer cases of rectal prolapses (Table 1). Thus, the
conventional housing conditions favor the develop-
ment of colorectal polyposis in ApcD14/þ mice, while
a pathogen-free environment favors ileal polyposis
in these Apcþ /� mice. No evidence for the primary
involvement of a contagious pathogen was found by
PCR or microbiological analyses compared in both
environments, which were negative for Helicobacter
species, hepaticus, Citrobacter rodentium, Clostri-
dium difficile, Campylobacterium, Salmonella, Yer-
sinia. Moreover, a similar presence of inflammatory

cells in the stroma of the polyps was seen in both
conditions (data not shown).

Our results therefore show that the distribution of
the polyps in Apcþ /� mice is greatly influenced by
at least two factors: an endogenous genetic factor,
which is the location of the mutation on the Apc
gene (ApcD14/þ vs ApcMin/þ mice), and an exogenous
factor linked to as yet unidentified environmental
parameters in which the mice are raised.

Molecular Analysis of Intestinal Polyps

LOH analyses were done on the Apc gene to
investigate the molecular mechanisms of polyp
formation in ApcD14/þ mice. LOH analysis of XbaI-
digested intestinal DNA showed that the normal
epithelium of ApcD14/þ mice harbored both the
targeted and the wild-type allele of Apc (Figure 1a
and b). All the intestinal polyps analyzed (12 from
the small intestine and 14 from the colon) showed a
significantly less intense wild-type allele of Apc
band; it was partially or completely lost (P1 and P2
colonic polyps in Figure 1b). The weak persistence
of the wild-type allele was probably due to non-
tumor cells. Therefore, Apc LOH occurred in all the
polyps of ApcD14/þ mice, as in the other Apc KO
mouse models.

Inactivation of the wild-type Apc allele was
confirmed by Apc allele-specific RT-PCR analysis.
Two mRNA species were amplified from the normal
intestine of ApcD14/þ mice: a 400 bp product from
the WT allele, and a shorter 180 bp product from the
targeted allele (Figure 1c). Whereas the amount of
the shorter transcript remained unchanged in the
normal intestine and polyps, there was significantly
less WT mRNA in the polyps, indicating the
inactivation of the WT Apc allele (Figure 1c). The
sequence of the 180 bp product confirmed the
deletion of exon 14 from the targeted allele that
results in a frameshift mutation at codon 580,
leading to a premature stop codon (Figure 1d). This
inactivation of Apc led to the aberrant immunolo-
calization of b-catenin: normal villi had only
membrane staining for b-catenin, while all the
dysplastic lesions (early lesions as well as adenoma
and carcinoma) had high concentrations of the
protein in the cytoplasm (Figures 4a, 6b). The
extruded part of the prolapsed rectum was also
immunostained for b-catenin. Both the ulcerated
external epithelium and the invaginated dysplastic
crypts stained strongly for b-catenin in the cyto-
plasm (Figure 6c). The intensity of the b-catenin
accumulation was strictly correlated with in-
creased cell proliferation, as shown by KI67 staining
(Figure 6d).

We analyzed the expression of known targets of
this pathway, c-Myc and cyclin D1, so as to evaluate
the suitability of the ApcD14/þ model for searching
for new b-catenin target genes implicated in in-
testinal carcinogenesis. There was a strict correla-

Figure 5 Numbers of polyps in ApcD14/þ mice bred in conven-
tional housing and in specific pathogen-free housing. The
distributions are expressed as the percentage of mice (black bars
for ApcD14/þ in conventional housing (D14 CH); gray bars for
ApcD14/þ in SPF housing (D14 SPF)) having 0, 1–10 polyps (1–10),
11–30 polyps (11–30), 31–50 polyps (31–50), 51–90 polyps (51–
90) or more than 90 polyps (490), in (a) the small intestine,
(b) the colon. Cohort numbers: ApcD14/þ conventional, n¼22,
killed at 140–160 days old; ApcD14/þ SPF, n¼13, killed at
110–140 days old.
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tion between the accumulation of b-catenin in the
polyps and overexpression of c-Myc and cyclin D1
(Figure 6e–g). Thus, the mRNAs encoding cyclin
D1 and c-Myc are more abundant in the polyps
and in the prolapsed rectums than in the normal
epithelium (Figure 6i), confirming that c-Myc
and cyclin D1 are b-catenin targets in the intestine
in vivo.

We also analyzed expression of a b-catenin target
gene that we have recently isolated from the liver,
the glutamine synthetase gene.20 The glutamine
synthetase gene is mainly expressed in the colon
of wild-type mice (Figure 6h). The amount of GS in
most epithelial cells of the colon polyps developed
in ApcD14/þ mice is subnormal (Figure 6h). However,
there is a mosaı̈c overexpression of GS, with patches
of intensely GS-stained cells within the polyp.
There is no GS in normal small intestine villi, but
the polyps also overexpress GS in a mosaic pattern
(data not shown). There was no clear correlation
between the amounts of cytosolic b-catenin and GS
in the intestinal polyps, in contrast to c-Myc and
cyclin D1. Thus, the control of GS synthesis by b-
catenin in the intestine appears to be more complex
than in the liver.

Molecular Analysis of Early Lesions

In ApcD14/þ mice, colonic ACF accumulated b-
catenin in the cytosol (data not shown), as it is the
case in the BCAC (b-catenin accumulated crypts)
described in AOM-treated rats.21 However these
ACF were unfrequent in ApcD14/þ mice, and it is
the reason why we chose to study the numerous
early lesions present in the small intestine.

Early lesions were described by Taketo’s group in
1997, and more recently by Clevers’ group in
2003.22,23 We performed genomic PCR analysis and
Apc immunolocalization to confirm that Apc LOH
occurs in these lesions. Immunostaining with an
antibody directed against the C-terminal part of APC
confirmed the location of Apc in the villi and not in
the crypts in normal small intestine (Figure 7a). By
contrast, there was no Apc in any of the early lesions
analyzed (Figure 7a). Neither was there Apc in any
of the polyps. Genomic PCR analysis on laser-
microdissected early lesions (Figure 7b) showed
that the ratio between the band intensities of the

wild-type and targeted alleles was significantly
reduced in all the early lesions analyzed, indicating
Apc LOH.

Thus, Apc inactivation leads to the accumula-
tion of b-catenin in the cytosol and nucleus in these
early lesions, and overproduction of cyclin D1 and
c-Myc in the nuclei (Figure 7c–e). But the liver
b-catenin target gene, glutamine synthetase, was
not induced in the early lesions examined, sup-
porting the fact that the control of transcription
by b-catenin depends on the cellular context
(Figure 7f).

Discussion

We have developed a new FAP mouse model, in
which a germline targeted heterozygous deletion of
Apc exon 14 leads to severe colon polyposis. The
severity of the phenotype depends on how the mice
are housed, suggesting that the microenvironment is
an important factor for the development of intestinal
polyps.

The degree of polyposis suffered by FAP patients
varies, apparently because of the position of the Apc
mutation. But there is also great variability between
individuals, probably linked to genetic modifiers
and/or environmental factors.24 The same genetic
variation occurs in Apcþ /� mouse models, as Apc
mutated alleles have been obtained on codon
1638 (Apc1638N), codon 716 (ApcD716), codon 850
(ApcMin), codon 474 (ApcD474), and codon 580
(ApcD14). Apc1638N mice have an attenuated phe-
notype,12 like FAP patients harboring a mutation on
the 30 end of human APC.25 The mutations in the
four other Apc mouse models are relatively close
together, between codons 580 and 850. Despite this,
their phenotypes differ: ApcD716/þ mice have many
polyps (more than 300 per mouse), while ApcMin/þ ,
ApcD14/þ and ApcD474/þ mice have only 30–100
polyps.10,11,13 However, the ApcD716 allele still con-
tains the recombination selection cassette that could
interfere with the transcription of the targeted allele.
And the recombination that produced the ApcD474

allele leads to the duplication of exons 7–10 in the
targeted allele. As a consequence, only ApcMin/þ and
ApcD14/þ mice harbor a clean Apc mutation, and can
be compared to each other.

Figure 6 Molecular analysis of the lesions developed in ApcD14/þ mice. Small intestine normal epithelium (a) and intestinal lesions
(b, c, e): small intestine adenoma (b), colon adenoma (e), dysplastic areas of the rectal prolapse (c) were immunostained for b-catenin. (a)
b-catenin membranous staining in enterocytes in the normal villous; (b, e) heavy cytosolic and nuclear immunostaining for b-catenin in
dysplastic enterocytes, unlike the membranous staining of the normal epithelium surrounding the adenoma; (c,d) immunostaining for b-
catenin and Ki-67 on serial sections: cytosolic b-catenin and nuclear Ki67 staining colocalize in the dysplastic and ulcerated surface
epithelium of the rectal prolapse. Note the Ki67 staining in the proliferative compartment at the bottom of the colon crypts. (f–h)
Immunostaining of b-catenin target genes on serial sections of colon adenomas: (f) cyclin D1, (g) c-Myc, (h) glutamine synthetase.
Dysplastic cells that accumulate b-catenin also overexpress cyclin D1, and c-Myc in their nuclei. (h) Normal crypts of the colon contain
glutamine synthetase, but there is very little in dysplastic crypts. Only a few dysplastic cells stain strongly for GS. (i) Northern blots for
cyclin D1 and c-Myc in four normal colon mucosae (N1, N2, N3, N4), four colon polyps (P1, P2, P3, P4), and three rectal prolapses (RP1,
RP2, RP3).
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The main difference between ApcMin/þ and
ApcD14/þ mice is that the polyps are mainly in the
colon of ApcD14/þ mice. The premature stop codon
at AA580 results in the deletion of the Armadillo
domains of the Apc protein (between AA435 and
AA766) in these mice, while the protein truncated at
codon 850 in ApcMin/þ mice contains intact Arma-
dillo domains. These Armadillo domains were
shown by two-hybrid systems to bind to a GTP-
exchange factor for Rho and Rac, named ASEF,26,27

to the B56 subunit of PP2A,28 and to the kinesin
superfamily-associated protein 3 (KAP3).29 We do
not yet know if the Armadillo domain in ApcMin/þ

mice is responsible for the attenuation of the tumor
production in the colon.

We also show that the intestinal microenviron-
ment influences colon tumor formation. Differences
in tumor development in the small intestine and
colon have already been described. Ectopic grafts
from ApcMin/þ fetal epithelia of either small or large
intestine were used to show that colon tumors did
not develop autonomously within the colon grafts,
while small intestine tumors did.30 Thus, this
nonautonomous development of colon tumors in
ApcMin/þ mice seemed to require factors in addition
to the ApcMin/þ genotype. The microenvironmental
factors acting on the severity of polyposis in Apcþ /�

mice could be dietary and/or the intestinal flora, as
reviewed in Corpet and Pierre.31 As ApcD14/þ mice

kept in the two housing conditions were fed the
same diet, the gut bacterial content is probably the
critical factor responsible for the difference in
phenotype, although we have not identified the
microorganism involved. For example, two bacterial
species known to contribute to colorectal polyposis:
Helicobacter hepaticus and Citrobacter rodentium,32

could not be detected in ApcD14/þ mice raised in
conventional housing. As gut commensal micro-
organisms have been shown to be able to contribute
to colorectal carcinogenesis,32 it is therefore not
excluded that subtle differences in the equilibrium
of the gut microflora could be responsible for the
shift in the colon of the ApcD14/þ mice polyposis,
unless it should be attributable to an unidentified
pathogenic microorganism.

Associated with the severe colon polyposis, we
observe that ApcD14/þ develop rectal prolapses.
Rectal prolapses develop also in IL-2�/�, IL-10�/�,
TGFb1�/� and TCRb�/� mice, models of inflamma-
tory bowel disease.16 Few of them subsequently
develop colorectal cancers.33 Since no evidence for
precancerous inflammatory lesions or for a pre-
existing IBD can be seen in our model, it is likely
that the process of prolapse formation is different in
the IBD mouse models than in the ApcD14/þ model.
Similar to the ApcD14/þ model, other CRC mouse
models, ApcMin/þxIGF2 and SMAD3�/�mice, both
developing CRC without a latent IBD, harbor rectal

Figure 7 Molecular analysis of the early lesions of the small intestine of ApcD14/þ mice. (a) Immunostaining for Apc (magnification
� 400) in the normal epithelium. Villus enterocytes contain Apc in their cytosols with the concentration increasing to the tip of the
villus. There was no staining in crypt cells. There is no Apc in the early lesion, while the surrounding normal epithelium is stained.
Stromal cells and the necrotic contents of the dysplastic crypts show nonspecific staining, as do control sections without the primary
antibody (not shown). (b) PCR analysis of genomic DNA isolated after microdissection of early dysplastic lesions (2–4), of normal
adjacent epithelium (1), and the normal epithelium of a wild-type mouse (5). A 160 bp product indicates Apc-targeted allele (D14), while
a 180 bp product reveals the Apc wild-type allele (WT). (c–f) Immunostaining of early lesions of the small intestine, in which the
dysplastic crypt is surrounded by normal epithelium, magnification � 200: (c) b-catenin; (d) cyclin D1; (e) c-Myc; (f) glutamine
synthetase.
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prolapses.34,35 A pathogenesis of IBD is not the
primary cause of development of rectal prolapse in
these three mouse models of CRC, even if a role of
inflammation in colon carcinogenesis process need
to be investigated.

Lastly, the ApcD14/þ model is suitable for use in
the search for new relevant targets of b-catenin
signalling that take part in the initation or progres-
sion of tumorigenesis. Early lesions, which are
abundant in the small intestine, are a valuable
tool for checking targets. This report shows that
they contain no Apc, accumulate b-catenin, and
overexpress cyclin D1 and c-Myc. Thus, we have
confirmed that these are targets that respond rapidly
to the activation of the b-catenin signalling pathway.
Analysis of the early lesions also indicates that GS is
not an early target of b-catenin signalling in the
intestine; this was confirmed by the patchy over-
production of the protein in adenomas. Another
target of b-catenin in the liver, LECT2, is also not
overproduced in the polyps of ApcD14/þ mice.36 This
apparent tissue-specific expression of the b-catenin
target genes has been described previously, as the
cyclin D1 and c-Myc genes are not upregulated in
the liver of mice overproducing an oncogenic form
of b-catenin.37 The details of the genetic program
induced by b-catenin in vivo will be important for
understanding the cell-specificity of the transforma-
tion induced by b-catenin. We believe that the
ApcD14/þ model is an appropriate tool for studies
designed to determine the processes involved in
carcinogenesis in the colon.
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